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TmTRODUCTION 

There e x i s t s  today an i n t e r e s t  i n  a great  many di f fe ren t  propulsion 

concepts f o r  space f l i g h t  application. 

each o f fe r s  a potent ia l  of being best su i t ed , fo r  f u l f i l l i n g  the require- 

ments of par t icu lar  missions. 

nuclear, o r  e l e c t r i c  with marry subclassifications possible. Electro- 

s t a t i c  propulsion i s  one subclassification of e l e c t r i c  propulsion and 

the one with which t h i s  paper i s  concerned. 

Each concept has drawbacks and 

They are frequently classed as chemical, 

I Discussed b r i e f l y  herein a r e /  some of' the basic principles,  theories, 

and problem areas of e l ec t ros t a t i c  thrustors, and the e f f ec t s  t h a t  they 

have ha& on the evolution of thrustor  concepts being investigated., In- 

s t x n e n t a t i o n  and t e s t  f a c i l i t i e s  a r e  areas t h a t  will a lso  be discussed. I 

Included is a reference l i s t  of m r e  than 70 Lewis Research Center re- 

ports  and papers t h a t  per ta in  t o  e l ec t ros t a t i c  propulsion. 

BACKGROUND 

The question of why e l e c t r i c  propulsion i s  of i n t e r e s t  i s  answered 

by requirements prescribed by mission analyses which show t h a t  t o  per- 

form a given mission, a cer ta in  t o t a l  impulse & i s  required. This 

t o t a l  impulse can be expressed a s  

& = Ft  (1) 

where F i s  th rus t  and t i s  thrusting t ine.  Plow 

F = hPvefi ( 2 )  

where ikp i s  propellant mass flow rate  and vexh i s  the exhaust veloc- 

i t y  of the propellant r e l a t ive  t o  the spacecrzft. Since %np" i s  equal 

t o  the e jected mass of propellant 

t o  y ie ld  

9 these re la t ions  can be combined 

i 
' 



= mpvefi ( 3 )  

!The pros and cons of various propulsion schemes can be developed 

from these simplified expressions. Equation (1) shows, f o r  example, 

t h a t  a given .$ 

a short  period of time, or vice versa. Equation ( 2 )  shows that develop- 

ment of a large th rus t  requires a large ihp i f  vefi i s  limited; equa- 

t i o n  (3)  shows that t h i s  i n  tu rn  requires a large propellant mass. 

t h l s  propellant mass i s  par t  of t he  vehicle t o t a l  mass, it i s  evident 

that a l imi ta t ion  on the  j e t  exhaust veloci ty  leads t o  smaller payload 

f ' ractions as the t o t a l  impulse requirement increases. The payload frac- 

t i o n  j ?  she r a t i o  of payload t o  gross Trehicle weight. Thus, t he  stimu- 

lus for. t he  in t e re s t  i n  e l e c t r i c  propulsion becomes apparent. 

ing a scheme tha% e j e c t s  charged par t ic les ,  a means of removing exhaust 

ve loc i ty  l imi ta t ions  present i n  other systems i s  available.  Less pro- 

pel lant  mass i s  thereby required, and thus t h e  payload f rac t ion  may be 

increased. There i s  a catch though, and, as it turns out, a very impor- 

t,ant one; t h a t  is, r a the r  than a d i rec t  trade-cff of propellant mass 

requirements, the addi t ional  mass of the powerplant f o r  the  generation 

of t he  e l e c t r i c  power needed f o r  e l e c t r i c  prcpulsion must be considered. 

The ~ e a i f i t  of tMs complication is shorn i n  f i p r e  1, vhlch i l l u s t r a t e s  

t h a t  a point i s  reached where the  savings i n  propellant mass 5:: o f f s e t  

by the addeci powerplant mass. Thus, fo r  e. glv-er, m i s s i o r ,  there  c x l z t s  

ar, optinwn speclfic, impulse (proportional t o  exhaust veloci ty) .  This 

cptimum value m y  not only be a variable that depenris OE aadi t iona l  m i s -  

sics r ca t r i c t ions  (see e.g., refs .  3, 6, 35, and 68), but most important, 

can be obtained by appl icat ion of a large t h r u s t  over 

Since 

By employ- 
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from a p rac t i ca l  viewpoint, can impose ser ious problems i n  terms of al- 

lowable th rus to r  mass, powerplant mass, power conversion equipment mass, 

propellant mass, and mission time. To be competitive with other  systems 

f r o m  a time-of-mission viewpoint, the sum of these masses must be less .  

While t h i s  discussion has been an oversimplification of the problem, it 

should serve t o  s e t  the stage i n  terms of what the ove ra l l  goals a r e  i n  

e l e c t r i c  propulsion research. 

Some of the more important general requirements of the  e l e c t r i c  rocket 

J- u L l i u ~ t o r  1.. - are  a s  follows: 

. (1) Operate at spec i f ic  im?ulses d ic ta ted  by mission analysis  

( 2 )  fiave a reasonable s ize  

( 3 )  Have a low w i g h t  

(4) Be compatible with vehicle design and power generation system 

(5) Operate 

( 6 )  Convert 

r e l i ab ly  and continuously f o r  months or years  

d l e c t r i c  pover in to  t h r u s t  w i t h  near 100 percent ef-  

f ic iency  

This hpos ing  l i s t  ( f r o m  ref .  3 7 )  i s  applicable t o  e l e c t r i c  rocket 

thrusters i n  general, Elnd since there a re  many concepts t o  choose from, 

it leads t o  the invest igat ion of types that o f f e r  the bes t  chance of ac- 

clvrnpllshing these goals. The chcice is not c l ea r  cut. Three basic  types 

of e l e c t r i c  rockets being studied are  shom I n  f igure  2: e l ec t ros t a t i c ,  

electromagnetic, and electrothermal. A l l  m-re  -,-act ica: 8 s  well ZS 

t heo re t i ca l  problems, discussions of which are  p l e n t i f u l  i n  the l i t e r a -  

ture .  Reference 52 contains up-to-dak Siscussions on most of the cur- 

r e n t  cmcepts  being studied. Of the  three types shown i n  f igure  2, the  
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e l e c t r o s t a t i c  th rus tor  has operated, i n  general, with the be st overa l l  

efficiency. 

EX&CTROSTATIC THRUSTORS 

Elec t ros ta t ic  Acceleration 

The basic  scheme of e l e c t r o s t a t i c  acceleration i s  depicted i n  f ig-  

ur? 3, Fthere it can be seen t h a t  by application of a poten t ia l  difference 

m e r  a tiistance L, i cns  are extracted from a source and ejected at  

a prescribed velocity. I n  t h i s  concept, electrons added t o  the exhaust 

kern at gromd potent ia l  serve t o  maintain charge neut ra l i ty  of the space- 

;:-aft m d  a t  the same time are  prevented from returning t o  the thrus tor  

by v i r t x  of the negative poten t ia l  applied t o  the accelerator electrode. 

The t w O  equations ( f ig .  3) show t h a t  the t h r u s t  per u n i t  area i s  propor- 

t i o n a l  t b  the square of t he  f i e l d  strength EA, while the exhaust veloc- 

i t y  ( spec i f i c  impulse) i s  porportional t o  the square root of the charge 

t o  mass r a t i o  q/m and the  net potent ia l  difference @net. 

These r e l a t ions  have 8n important iafluence on thrus tor  design. To 

obtain ressonable values of t h rus t  per uni t  area, f i e l d  strengths of the 

order of lo6 v/m o r  greater  are required. Fie ld  strengths a re  inversely 

proportional t o  accelerator spacing, which is a thrus tor  design parameter. 

There 3re obvious p r a c t i c a l  l i r d t a t i o n s  with respect t o  a t ta inable  mini- 

n m  spacings. T h e m 1  envirorment an? rLamf%cturing tolerances a t  very 

small spacings become important par t icular ly  v2th respect t o  icr optics. 

4ecause of tkirustor l i fe t ime requirenents, i o r  op t i c s  i s  an inpor t an t  

problem area of e lectrostat ic- thrustor  research. Figure 4 shows t h a t  

irfoc;;sed ions and/or ions formed by charge exchange may impinge on the  
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accelerator  electrode. These impinging Ions can cause sputtering of the 

accelerator  electrode. 

hours, the allowable impingement must be of the order of 0.1 percent o r  

l e s s  of the t o t a l  ion beam. 

For l i fe t ime requirements of several  thousand 

The charge-exchange ions are a result of co l l i s ions  between source 

ions and neut ra l  propellant atoms present because of charging inef f i -  

ciencies. Their elimination requires improved charging techniques. The 

cifozused source ions a r i s e  because of poor optics, and t h e i r  elimination 

requireP proper electrode design. Although the ion t ra jec tory  problem 

c m  be solved ana1yticall.j for several "ideal" geometries (refs. 42 and 

SS), accounting f o r  the exhaust aperture renders  these snliztions w e f d  

onLy a s  guide lines t o  good t h r x t o r  design. 

siderable progress has recently been made, both at Lewis and elsewhere, 

i n  developing sui table  analog and numerical techniques f o r  dealing with 

the "real" th rus tor  case, tha t  i s ,  methods tha t  account for aperture ef- 

f e c t  (see e.g., refs.  51, 71, and 72) .  From a p rac t i ca l  viewpoint, it 

i s  evident tha t  increasing the accelerator spacing may greatly a l l ev ia t e  

t h e  problem. This approach may not be taken, hoxever, without f i r s t  

exanining the e f f ec t  it may have on other cperational parameters. 

effec-tls are shown i n  figure 5 ( r e f .  27 ) .  

area i s  proportional t o  the square of tne f i e l d  strength. Increased 

spacing means higher voltage i f  thrust  is to >E presc- rwL If slngly 

charged pa r t i c l e s  are assumed, then a given value of spec i f ic  impulse 

can be preserved by increasing the propellant m o l e z d a r  weight. 

On the other hand, con- 

, 

These 

Recall t h a t  +,he t h m s t  per uni t  

Cesium 

mercury are two comnonly used propellants t h a t  require spacings of 
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about 1 m m  a t  a spec i f i c  impulse of about 3000 sec. 

a t  the same spec i f i c  impulse, accelerator spacing can be as much as 

10 cm f o r  10,000 mu part ic les .  

quired f o r  these heavier par t ic les .  

On the other  hana, 

Considerably higher voltages are re- 

Ele c t  ro  s t a t i c  Rocket Thrustor Efficiency 

Equally important to good overal l  performance i s  the thrus tor  effi-  

ciency, which i s  defined as a product of the propel lant-ut i l izat ion ef- 

ffoiency a d  the power efficiency: 

11 = %JTp (4 )  

T ,ne 

propellant flo-.? rates,  or, 

proFellant-uti l izetion efficiency i s  the  r a t i o  of charged t o  t o t a l  

The p3wer eff ic iency i s  defined conventionally as the r a t i o  of power 

out (i, e., bean power) t o  t o t a l  power in.  

of thrust as 

It can be expressed i n  terms 

w? e r e  

F tl-rust 

li4 charge5 p a r t i c l e  f l o w  rate 

P power invested i n  accelerating the c!;srged psr tLcles  

P power losses  lo 3 S 

The power l o s s  term consis3s of coygonerits tkat  vary depending on 

%YE :;'pe of e l e c t r o s t a t i c  th rus tor  being considered. Common t o  a l l  types 
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are  power losses  chargeable t o  ion impingement, Thus, ion impingement 

i s  important not only from a l i fe t ime viewpoint, but  a l so  from ef f ic iency  

consider&tions as well. For a more complete discussion of t h rus to r  e f f i -  

ciency see references 37, 42, and 69. 

W i t h  the fundamental goals outl ined and the  bas ic  def in i t ions  i n  

hand, the evolution i n  e lec t ros ta t ic - thrus tor  research a t  the Lewis Re- 

search Center may be e a s i l y  traced. 

E lec t ros t a t i c  Thrustor Ty-pes 

Ccntact-ionization and e l ec t ron -bonbardn t  thrustors .  - The two 

n o s t  common types of e l e c t r o s t a t i c  thuxstors a re  the contact-ionization 

thrustor  and the electron-bomdbarhe3t t h rus to r  shown schenat ical ly  i n  

f i g w e  6. 

I n  the  contact-ionization type, propellant vapor passes from a 

reservoi r  through a heated porous tungsten ionizer.  It i s  ionized on 

the dmnstream smface  of the  porous tungsten. The ion izer  i s  heated 

t o  enhance ionizat ion and i s  a l s o  maintalned at a high posi t ive potent ia l .  

The ions are then accelerated e lec t . ros t s t ica l ly  t o  the desrired exhaust 

ve loc i ty  and e lec t rons  a re  injected t o  neutral ize  the ion beam. 

IE the  electron-bombardment t 'nrustor propellant vapor passes f r o m  

Ionization i s  accomplished by a reser imir  i n t o  an ioniza5lon chmber. 

c o l i i  sions between the  propellant vapor  and electrons em.itted from a 

heated filament. The outer  w a l l  of %he c h m h z ~  (ano5e) i s  rnatEtzTx2 

at  a po ten t i a l  of about 40 v positive w i t h  respect t o  the f i l m e n t ,  an6 

ar! a x i a l  magnetic f i e l d  of abcut X gauss i s  inposed on t h e  chamber by 

-the mgne t i c  f i e l d  co i l s .  The magnetic f i e l d  contains the energet ic  
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electrons emitted from the filament and enhances the  electron - 
neutral-atom col l i s ion  probability. 

chanber. 

are accelerated t o  the desired exhaust velocity by application of a po- 

t e n t i a l  difference between the screen and accelerator. Electrons are 

enittec? downstream of the accelerator t o  neutral ize  the ion beam. 

A plasma i s  thus created within the 

Ions are extracted from the plasma through a screen g r i d  and 
~ 

, 

The major power l o s s  associated with the contact-ionization thrus tor  

4 s  tP.z them-&-radiation loss from the porous tungsten ionizer. Major 

~ O S P S  df the e l ec t ron - jo rnba r~~ez t  tkrastor  i x lu i i e :  power diss ipated 

I-rl $he i o n  ckiankr  discl-iarge ( ca l l ed  ionizer  current i n  f ig .  6); fila- 

-nt 'cfatlrig power; nbgnetic f i e l d  Tower; and the neut ra l  atom loss. 

TpLe "r.-- , ~ e . . ~ k a l  &ox loss  i s  chargeable t o  the propel lant-ut i l izat ion e f f i -  

ciency and i s  a l so  an inportant factor  i n  the contact-ionization thrus tor  

when operated at  high current density. 

of these thrus tors  has l e d  t o  prototypes t h a t  exhibit  reasonably good 

perfcrzanee a t  specif ic  i q m l s e s  greater thaE SO90 or  6000 sec ( f ig .  7) .  

4ur.rent efforts sre directed a t  improving ef f ic ienc ies  a t  spec i f i c  im- 

pulses i n  the rmge of 2000 t o  5OOC sec, reducing tblrustor weight and 

iqroul . r?g component l i f e  expectancy . 

Research and development on both 

n 

.&. e;1tavap 5f Et f l t g h t  test, $-eL-C''= . L J ~ ~  of thc- Leriris electron-bombardment 

thr:.zst,or i s  shown i n  f i g u r z  8. Tne electron-bombardme2-t t h c t o r  has 

been reported on i n  d e t a i l  i n  references 16, -3, 7 , -  ZL, TZ, 39, 5C, 5'7, EZ, 

70, azd '73. AltEiocgh it i s  presently regarded as one of the be t t e r ,  i f  

r iot  the best, e k e t r o s t a t i c  thrustor, ?'IL&r.:ent X f e t i m e  and p n p e l l a n t  

:;t.lllzation a re  tm  de-elcpmental problem t h a t  remain t o  be optimized. 
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Several var ia t ions  of the contact-ionization th rus to r  have been 

t e s t e d  at Lewis (see e.g., refs.  9, 21, 24, 44, 56, and 62. ) Extensive 

idea l ized  theo re t i ca l  analyses of various th rus to r  configurations have 

been made (refs. 42 and 69) and show tha t  improvements i n  e f f ic iency  a t  

lower values of spec i f i c  impulse m y  be possible using ce r t a in  design 

concepts. "he theo re t i ca l  performance of th ree  design concepts a re  

mnipared i g  f igure  9 (from re f .  37). 

peraxial  fiow, divergent f l o w ,  and c i rcu lar  flow. I n  preparing these 

C E K V ~ S  I t  2:as been Iissmed t h a t  the sccelerator  e lectrodes ac t  a s  per- 

f 2 c t  heat shields.  Since the ionizer i s  completely shielded i n  the  

b__L - 4  -c,la-flcv CC\Z'CPP~, this sslmptiori leads t o  a t heo re t i ca l  eff ic iency 

32' 1 ' 0  perceEt. 

not be a t ta inable  i n  practice,  the  curves a re  useful  guides and show 

t h a t  because of the  thermal-radiation loss, s ign i f i can t  improvements i n  

pover e f f ic iency  at low values of specif ic  impulse m u s t  be accomplished 

by means of "exctic" designs. 

i l o w  +hrustor  (see f i g .  10) and B riual-beam circular-flow thrus tor  (see 

f ig .  ;i) are  present ly  being eva1;iatzd a t  Lewis. 

3ea?y-qohecil.e thrustor .  - A s  shown i n  f igure  12, i f  t he  power 

Designs compared are conventional 

A15hcugh the theore t ica l  values shown will obviously 

Experimental models of the divergent- 

~ O S E ~ S S  eq res se t i  es electron-vol:s Pe r  beam ton are  azsmed constant i n  

t h e  electrcn-bombardment t<hrustor, 'it -Ls t heo re t i ca l ly  possible t o  i m -  

prove power eff ic iency by increasing t k   as> c$r" %%-,e I c r .  It. ii ZD-T- &. 2- 

pr i a t e  ther! t o  invest igate  the performance of  the e lec t ron-bombards t  

t h rus to r  employing heavy-molecule prcpe l lmt  s. Cec.11 f r c x  f igure  3 

. " /  .nc---~J~ tkat  t o  preserve s2ec i f ic  impulse the net accelerat ing voltage 



m u s t  be increased i n  d i r ec t  proportion t o  the  pa r t i c l e  mass. 

some modification of the thrus tor  i s  required. 

being invest igated (see ref.  59). Performance i s  evaluated by determin- 

ing an average charged pa r t i c l e  mass from th rus t  and beam current measure- 

ments. A s  discussed i n  reference 59, preliminary results indicate t h a t  

the high electron energies necessary t o  maintain the discharge i n  the  

ionizat ion chamber may ?E the  cause of considerable p a r t i c l e  fragmenta- 

t ion.  

and/or tine ionizat ion process w i l l  be required t o  achieve the ant ic ipated 

fnqrovements i n  performance. 

Therefore, 

Various propellants a re  

And i - L  Cppeers that addi t ional  modifications i n  thrus tor  geometry 

Colloidal-particle thrustor .  - The var ie t ion  of spec i f ic  impulse 

wit l - !  propellant mass i n  atomic mass uni ts  i s  shown i n  figure 13 f o r  

various values of accelerat ing voltage. The shaded region covers a 

range of spec i f i c  impulse of most i n t e re s t  f o r  missions such as a manned 

Mars round t r i p .  A s  previously discussed, improvements i n  eff ic iency are  

theo re t i ca l ly  possible i f  the charged pa r t i c l e  mass i s  increased, however, 

incrpssed eccelerat ing m l t a g e s  are rrqufred. Plots such as f igure  13 

are  usefzl ,  therefore,  i n  es tabl ishing upper bounds of f e a s i b i l i t y  within 

tkie range of spec i f ic  impulse of interest .  If, for example, power- 

gener?.%l;.on equi9rrxn-k. capable of prodxcFng voltage e of the oraer  of 500, COO 

t o  L,GOO,OOC v beccmes available, eingiy charged p a r t i c l e s  of from 10 4 
5 to 10 amu m y  be of in te res t .  The colloldzl--&artlcie zhrustor affords 

a rnems of accomplishing charged pa r t i c l e s  i n  t h i s  mass range. Several 

rrethods of colloi&al-par-Licle prCdLlCtiGi7 Lave been proposed. One con- 

c?pt, which i s  under invest igat ion a t  the  Lewis Research Center, i s  shown 
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i n  figure 14. In  t h i s  concept, propellant vapor passes through a super- 

sonic nozzle and undergoes a condensation shock i n  the  region downstream 

of the  throat .  

a growth region and enter  a charging region. 

e lec t ron  attachment and subsequently are accelerated t o  the proper ex- 

haust .relocity. As  shown i n  figure 14, the  exhaust beam consis ts  of 

nega-ti;rel;l. charged par t ic les ,  and beam neutral izat ion requires  the  in- 

je*st;ion of pos i t ive ly  charged par t ic les .  

Lew-is exper imnta l  col loidal-par t ic le  thrustors .  

L n  both thrus tors  i s  accomplished as described. 

Pa r t i c l e s  formed by homogeneous nucleation pass through 

There they are  charged by 

Figures 15 and 1 6  show two 

Formation of pa r t i c l e s  

Pa r t i c l e  charging i s  

achieve6 by electron attacknent (negative pa r t i c l e s )  i n  the  former and 

by electroc bom3arhert (pos i t ive  pa r t i c l e s )  i n  the l a t t e r .  

For the  col loidal-par t ic le  thrustor  t o  be useful  it must be capable 

of t he  e f f i c i e n t  production of pa r t i c l e s  of uniform charge t o  mass ra t io .  

It i s  toward t h i s  goal t h a t  the primary object ives  of the  Lewis research 

progran i s  Clirected. Results t o  Sate from the "negative-particle" col- 

l o i d a l  t':rustor using .nercurous chloride and aluminuq chloride propel- 

l a n t s  have been very encouraging (see re fs .  43 and 66). 

r i * i o s  reported i n  references 43 and 66 were, however, calculated from 

in#- i l rez t  measuroxents. I n  t h i s  respect,  lack of adequate instrumentation 

poses the  most d i f f i c u l t  prcbiem i n  evalu&ing th rus to r  p e r f o m c e .  

Though there  are  many challenging fac tors  affecting thriLstor perf'onrasce 

tha t  r e m i n  t o  be evaluated, the  poten t ia l  advantages of t h i s  type of 

th rus tor  are  many. 

Charge t o  mass 
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Figure 1 7  shows t h e  var ia t ion  in th rus tor  eff ic iency with specif ic  

impulse for the various thrus tor  concepts. 

based on ex is t ing  data, while the upper curves a re  theoretical .  

successively higher curves, s t a r t i n g  with the ex is t ing  contact-ionization 

curve, t o  a great extent t r ace  the evolution of t he  Lewis e lec t ros ta t ic -  

th rus tor  research program t o  i t s  present status. The high theore t ica l  

eff ic iency of the col loidsl-par t ic le  th rus tor  and the  reasonable accel- 

e r a t o r  length requirements that arise as a r e s u l t  of u t i l i z i n g  charged 

p a r t i c l e s  of l a rge r  PASS are  f e a t w e s  t h a t  Take t h i s  tTy-pe of th rus tor  

nost  a t t r ac t ive .  

power-generat ion and power-conversion requirements. 

"he three lower curves are 

The 

The required high voltages focus a t ten t ion  on the 

PCWEF GEYERATION 

A survey paper on electrostat ic- thrustor  research, even one re- 

s t r i c t e d  t o  the work of a single organization as t h i s  one is, cannot 

ignore the tremenbus problem facing e l e c t r i c  propulsion i n  the area 

cf power generation. It w a s  shown i r ,  f igure 1 t h a t  t he  x e r i t s  of elec- 

t r i c  propulsion f o r  space f l i g h t  a r e  closely t i e d  t o  the m a s s  of the 

powerplart. In terms of a mission-analysis parmeter ,  powerplant mass 

i s  usual ly  re la ted  t o  the power generation a b i l i t y  ana expressed as ki lo-  

grmis Li j *  pollr.ds per kilowatt of eJ-ectrical power. 

ref .  75) shows the e f f e c t  of  powerplant specif ic  mass on t r i p  time and 

payload f rac t ion  f o r  a possible round-trip r r m ~ ~ d   MET-^, ,i*iSsiCx. E : t a< l -~  

af the  assumptions ana calculations use& f o r  t 'nis f igure are given i n  

reference 75. For our  purposes S t  i s  sAf ' ic??nt  t o  note thllz2t powerplant 

Figure 18 (from 

,.- . ,c ; i l f ic  , e 7  masses sho-m ?'n the f igure are 10 kg/kv or l e s s .  These values 
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a re  wel l  below those at ta inable  w i t h  any ex is t ing  equipment today. 

cause of the t r i p  time, the mission described by the curves df Pigure 18 

t s  regarded as a d i f f i c u l t  one f o r  e l e c t r i c  propulsion. 

exemplify the very important need fo r ‘ r e l i ab le  lightweight power- 

generation equipment. Some of the power generation systems presently 

being considered f o r  space f l i g h t  apNicat ion along with estimates of 

typ ica l  theore t ica l  spec i f i c  weight are given as follows: 

Be- 

It does, however, 

Fower-generat ion syst.em Theoretical spec i f i c  
weight, (lb/kw) 

f O r  

power l e v e l  > 100 kw 

1. S o h r  c e l l s  ( t h i n  film) 20 

2. Nuclear twboe lec t r i c  6 

3. Nuclear thermionic 4 

4. Nuclear MKD 4 

5. Solar thermoele e t  ro st a t i c  1 

6. Radioi sot  ope e l e  c t  r o s t  at i c 1 

m ihe low-powsr-level so l a r  c e l l s  in prrsent use have much greater  

s p c i f i c  weig’!:ts, as do l o ~ - p ~ ~ e r - l e - : e l  ncclear turboelectr ic  power- 

pla.n%s currently being developed. For the moct p u t ,  the tabulated 

vsliics a re  based 3n work done thus fer i n  thc foxw c?f f e a s i b i l i t y  studies 

and are l i k e l y  t o  be optimistic. T I C  radioisotope e l e c t r o s t a t i c  gener- 

a t o r  has: for exancle, been subject 50 extensive t h s o r e t i c a l  an&ysrc 

( re fs .  41, 53, 64, and 65), and althmgh assmptions of the analyses seen 

;e’ -?nab:e, there are many system, ud<~*cvns. h e s t i o r l s  rsgarding radio- 

isotope a v a i l a b i l i t y  and launch pad hazards t h a t  may e a s i l y  be ra i sed  do 
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not appear unsolvable. 

j u s t i f y  an experimental investigation f o r  evaluation of the more impor- 

t a n t  unknowns and assumptions of the analyses. 

e l e c t r i c  spacecraft using a radioisotope generator i s  shown i n  f ig -  

ure 19. 

The l o w  theore t ica l  spec i f i c  weights s e e m  t o  

A mock-up of a manned 

INSTRUMENTATION 

The experimental evaluation of an e l e c t r o s t a t i c  th rus tor  i s  a t a s k  

complicated by m a n y  factors.  Some problems are  common t o  a l l  th rus tors  

ard r e h t e  t o  vacuum-facility requirements (i. e., pressure l eve l s  re- 

ty i i r ed . ) ,  the presence of vacuum-facility walls, and the f a c t  t h a t  the 

- 1  ~ l ~ ; l i ~ . T o ~ s  .. . - 1 .  
A ~ r q e r !  or negatively charged propellants. Other problems are  associated 

with t5e par t icu lar  th rus tor  concept being evaluated. 

these complications as re la ted  t o  instrumentation a re  many.  Some have 

been solved; many have not. 

a l l  employ e l e c t r o s t a t i c  acceleration of e i t h e r  posi t ively 

The e f f e c t s  of 

A disciission of all of them i s  beyond the  scope of t h i s  paper. 

.L. 

k ' m m  the l i s t  of thrustor  requiremests s e t  down e a r l i e r ,  it i s  evident 

that the  e-x-perimental invest igator  i s  p r i m r i l y  coccerned wli th  u t i l i z i n g  

these instrlments t h a t  w i l l  enable him t o  d-etermine accurately the e f f i -  

cieccy of' 2 given experinental -thr:.istor and at the same time, anomlous 

as it, m y  seen, ident i fy  t.he ineff'icizncies. For example, while con- 

ventional current and voltage reading meters iylcy be w e d  (and fr<qxat1Jy 

are used) t o  aeternine t he  exhaust beam t o t a l  power, metered values 

y i e ld  no information with regard t o  thrxst losse? t h a t  may be present 

tc: skewness of some f rac t ion  of the exhaust bem. 
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Instruments t h a t  have been used i n  the e lec t ros ta t ic - thrus tor  re- 

search program at  the L e w i s  Research Center a r e  given i n  the following 

table.  Quant i t ies  measured a r e  given and, when applicable, references 

a re  also l i s t e d  where addi t ional  d e t a i l  may be found 

Instrument 

" :i (hnventional meters i' 12 ) Conventional thermocouplez 
(3) Optical pyrometers 
(4) can celorimeter 

YFs?+-vire calorimeter 

. I  ' t -  * 7 ~ I y t  Z!ecia-': ippea probe 
i 11 T i i n  f i h  col lector  and 

?J!L c t r o n  microscoge 
i d  Car microbalance 
(9'  t-.r:e-fhrust t a rge t  
(lG', Y a s s  spectroxieter 

w r l o u s  types) 

/ %  

(3) Fmisixre probe 
(12) Total  radiat ion pyrometer 
(13) Plasma poten t ia l  probe 

(1 4'1 Plasma o s c i l i a t i o n  probe 
(1-3) Yhgnetic ammeter 
(i 6) FTcm ~ v z t 2 r  

(.;I XeQtral atom probes 
- m- 

Me as ureme n t  

Current, voltage 
Component temperatures 
Cqmponent temper a t  we  s 
Beam power density 
Beam power ilensity 

Beam current density 
Pa r t i c l e  mass 

rnP2S.t 

Thrust 
Beam p a r t i c l e  charge t o  

mass r a t i o s  

Beam p o t e n t i a l  
H e a t  f luy, 
Be&? poten t ia l s  and f i e l d  

Beam ion-plasma waves 
Net beam current 
Gas flow through porous 

Me:xtral atorr, d i s t r ibu t ion  

st re ngths 

t -mg st en 

References 

Clr-ly a few of the sesreral i n s t rmen t s  l i s t e d  a re  described herein. 

i t ens  (1) t o  ( 3 )  are f m ~ l i u r  a x i  require no f u r t h e r  description. 
, .  - 

Howcver, as tiiscussed i n  reference 2:?, specla1 precaut?.ons i n  the use 

of cu-rent meters may be necessary t o  e ~ m r e  w-?mingfl;l ?ata.. %cor,a- 

rirj electrons frm f a c i l i t y  w a l l s  maj; a r r ive  a t  th rus tor  components ar?d 

complicate ne te r  readicgs. Internal to the thmsfo r  itself, accelerator 

- J * ~ ? L  jLiL:-rvx;ts mtty consfst of several  components ( e .  g., ion impingement, 
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secondary electrons, and thermionic emission) which cannot be separately 

identified.  Ident i f icat ion of these " internal  currents" is, i n  f ac t ,  

one of the major instrumentation problems of experimental e lec t ros ta t ic -  

t h r u s t o r  research. (See refs. 23, 39, 62, 70, and 76. ) 

Beam Power Density Measurement 

The calorimeters (items (4) and (5 ) )  a re  s m a l l  probe-type Instru- 

ments t h a t  when used individually yield information about l o c a l  beam 

pc~ ie r  density. By using multiple arrays, however, it i s  possible t o  

z o r s t r x t  "cci1tour-m8psff from vhich the t o t a l  beam power may be deter- 

,xire 2. 

?an calorimeter. - A can calorimeter i s  shm: i n  figure 20. Beam -- 
pa>i?P Iensi-ries on t h e  copper plate  %re determined by measuring the 

heat flow i n  the inner shell .  

per w a t t )  can readi ly  be determined from measured values of e l e c t r i c a l  

resistance and known physical properties of the copper inner shel l .  

The unit  has the  advantage of being a ~izply constructed d i r e c t  reading 

device. Faliant heat r'lu losses  frm the copper p l s t e  place an upper 

L i a i t  o r  t3eir  range 3f applicabilj ty,  an5 response t i n e s  a re  of the 

SI-YI- 02 mlmtes. As  wit?-  a l l  probe 6evices used i n  charged p a r t i c l e  

b e % m ,  :C, i s  su3jPct t o  uncertaint;,-s due t o  surface ic te rac t ions  with 

",he inpirging -beam. 

The thermal cal ibrat ion constant (degrees 

Eot-wire calorimeter. - The hot-wire zl.cr;~i?ter stown i n  Ygzrs ?1 

Ls an excellent lnstrument f o r  detai led probing of charged p a r t i c l e  beams 

because of i t s  Tr-.ry ma i l  sensicg u n i t .  ?'re se~-is:~g -mit consis ts  of a 

C i r ~  ~ 1 ; z t r i c a l l y  Xeated %-:ire (0,001-cm ciiam. by 0.50 cm are t y p i c a l  
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dimensions) that responds t o  charged-particle bombardment with a voltage 

output proportional to temperature (resistance) change. Response times 

are very good, so t h a t  with a rake consisting of several  units, surveys 

of a beam can be completed i n  l e s s  than 0.5 min. 

constructed from a survey of an ion beam is  shown i n  f igure 22. 

determining hot-wire calorimeter sens i t iv i ty  constants i s  a somewhat 

arduous task and requires very careful measurement of the  physical dimen- 

Loris of the wire. The contour maps are informative, but processing 

Tax data and construction requires a t  l e a s t  a half day per map, 

A typ ica l  contour map 

Accurately 

Beam Current Density Measurement 

Y6oI.j-bdenxra-tipped (moly but tan)  probe, - A schematic dradng of the 

r,oly-bu.tton probe i s  shown i n  f igure 23, 

several  moly-button probes may be used simultaneously t o  obtain data f o r  

construction of contour maps of the loca l  beam current densit ies.  Inte- 

gration of the contour map then yields values of t o t a l  bean current that 

my be compared with metesea values. The t i p s  a re  typ ica l ly  3/16-in. i n  

d.lameter by 0.05 irAL 

e1ectro.n y i e ld  coefficient.  

fSg. 2 3 )  eriiances emission of secondaries but i s  found t o  be necessary 

t o  discourage cs l lec t ion  of electrons from external  sources. It i s  e s t i -  

nated i n  reference 39 that the m i m u m  e r r o r  due t o  secondary electrons 

i s  less than 10 percent for 4000 ev heavy ions. While lacking tke 

sophistication of an i n s t r u e n t  such a s  the hot-wire calorimeter, it i s  

321 extremely useful dev5ce. Ion optics (i.e.,  focusing e f f ec t s  within 

t k  th rus tor ) ,  f o r  example, are  readily investigated w i t h  moly-button 

probe s . 

Simi la r  t o  the calorimeters, 

Molybdenum i s  used because of i t s  l o w  secondary 

Biasing the probe s l i g h t l y  negative (see 
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Thrust Measurement 

Ion beams f m m  contact ionization thrus tors  with cesium as a propel- 

l a n t  a re  usually considered t o  consist of singly charged atoms. Mercury 

ion beams have been found t o  contain singly, dotibly, and t r i p l y  charged 

atoms (ref. 48). Rowever, under most operating conditions the latter 
- 

two species make up a r e l a t ive ly  small f rac t ion  of the t o t a l  beam. Be- 

cause beams from heavy-molec- a d  colloidal-particle th rus tors  may con- 

sist  of a large range of pa r t i c l e  d i s t r ibu t ion  i n  both mass and charge, 

more specialized instrumentation i s  required t o  investigate and evaluate 

chrustor performance. While thrus t  targets  that col lec t  the t o t a l  

illrustor exhaust beam are not the answer t o  t h i s  problem, they can be 

used i n  connection w i t h  other  instrumentation t o  determine average values. 

Of course, t h rus t  i n  i t s e l f  i s  an important performance parameter. 

Two ty-pes of thrust t a rge t s  have been used w i t h  success at Lewis. 

C a h n  microbalance. - A Cahn microbalance i s  being used t o  measure 

thrus t  of the order of newtons from a col loidal-par t ic le  th rus tor  

that uses mercurous chloride as a propellant. 

balance i s  a direct-reading device. I n  an experimental setup, shown 

schematically i n  f igure 24 ( f ’ rom ref. 66), the microbalance a l so  served 

as  a beam current col lector  t o  check conventional meter current W u e s .  

The metered beam current and accelerating m l t a g e  were used together 

w i t h  the th rus t  measurement t o  determine an average pa r t i c l e  mass of 

1.2~13~ mu. 

was determined by an en t i r e ly  different  method (ref. 43). 

of reference 43, par t i c l e s  were collected on a liquid-nitrogen-cooled 

Once calibrated,  the  micro- 

This value compared well w i t h  a value of 1.7~10~ &mu that 

I n  the setup 
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thin-fi lm col lector  t h a t  w a s  exposed t o  the col loidal-par t ic le  beam for 

a very short t h e .  Photomicrographs of the col lector  were taken with an 

electron microscope. Par t ic le-s ize  distribution was d e t e d n e d  from the 

micrographs and an average pa r t i c l e  mass was then calculated. 

Cone th rus t  target.  - The cone-type t h rus t  t a rge t  shown i n  f igure 25 

i s  being used i n  peavy-molecule thrustor  research. 

are  of the order of xewtons. With the cone-type target ,  thrust 

< d u e s  must be determined from measured deflections. Deflections are 

~ ; e s s i m d  with a cathetometer which  i s  focused through a viewing port i n  

z ~ e  facrilitcy on the crosshsirs shown i n  f igure 25. Calibration i s  accom- 

r,lisked %y messwing deflections when known passes are  suspended by a 

p . ~ l ? c q  arrangenmt fron the core t i p .  Typical cal ibrat ion constants are  

about newtons per millimeter deflection. 

Thrust l eve ls  measured 

Charge t o  Mass Ratio Measurement 

Although useful  f o r  evaluating overall  t'nrustor performance, thrust 

tairgess are  not  sui table  f o r  evaluation of losses  i n  terms of charge 

and/or mass dist r ibut ion.  

equ5pnent cuch as mss spectroDeters. 7in%le ,mss spectrorieter t echo logy  

i s  nor, nex, the design of spectrometers sui table  f o r  use i n  e l ec t ros t a t i c  

t h rus t c r  work iriposes severe r e q d r s m e n t s  t h a t  are very d i f f i c u l t  t o  

sat isfy.  TMs i s  par t icular ly  t rue  when applied to col lo ida l  th rus tor  

work. 

Investlgasion of t h i s  requires T-ore complex 

Colloidal th rus tor  experimental research i s  i n  i t s  ear ly  stages, 

and nuch i s  not, yet known zbo-xt particle Torrfiaticn and/or par t ic le  

2hsrging processes. It i s  reasonable t o  ant ic ipate  the poss ib i l i t y  of 



- 21 - 

w i d e  charge t o  mass d is t r ibu t ions  in the exhaust beams, which a l so  are 

high veloci ty  beams. Thus, the need ex i s t s  f o r  a small, lightweight, 

mobile instrument capable of accepting high velocity pa r t i c l e s  and also 

having a high resolution over a mass range of f r o m  lo2 t o  lo5 amu (as- 

suming singly charged par t ic les ) '  

* F'ermanent magn e t  mass spectrometer. - The magnetic spectrometer 

described i n  reference 4 8  worked quite well  when used t o  analyze a mer- 

clqv ion beam from an electron-bombardment thrustor.  However, the 

s ize  aE5 entrance velocity requirements of the permanent mgnet  mass 

ssertroTeter l imi t s  the E t i l i t y  of t h i s  instrument f o r  e l ec t ros t a t i c  

t h r u s t c r  research. The qm6rupole mass spectrometer appears t o  be more 

s i i l t  %%le. 

Q-dadrupple mass spectrometer. - A  photograph of a quadrupole mass 

spectrometer which has been designed and b u i l t  f o r  use i n  co l lo ida l  pro- 

pulsion research a t  Lewis i s  shown i n  f igure 26. It i s  presently under- 

going extensive cal ibrxt ion tes t s .  I n  operation, pa r t i c l e s  en ter  the 

yua6rupole through a s m a l l  opening i n  the lower end ( f ig .  25). 

posi t ion of an r-f Troltage (of  a par t icular  frequency) on a 6-c voltage 

applted to opposing pa i r s  of rods, par t ic les  of  a par t icu lar  charge t o  

I a s s  ra",io w i l l  be "trappea" i n  t h e  region between the rods and caused 

t o  r'ollov t r a j ec to r i e s  such t h a t  they wili ar r ive  a t  a current-sensing 

collector.  The col lector  i s  located at t;,e q y e r  e c l  of t?,e roCs s k 1 - n  

i n  f igure 26. 

f r e q e n c y  of the r-f  voltage, resolutioi:, :!,arge t o  n~ls:;  ra t io ,  and 

;mr t ' _c le  entrance velocity, 

By super- 

The length of the rods is a design pa rme te r  r e l a t ing  the 

The f i e l d  radius (distance from centerline 
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t o  rods) and frequency determine the power requirements. 

the rod radius t o  the f i e l d  radius i s  chosen so as t o  approximate the 

required theore t ica l  f i e l d  and achieve a high transmission. 

tolerances (mechanical and e l e c t r i c a l )  must be held qui te  close. 

The r a t i o  of 

Consequently, 

Complete d e t a i l s  of the operation of the quadnlpole are  beyond the 

sccpe of t h i s  paper. The reader will f ind  t h a t  an a r t i c l e  e n t i t l e d  

"The E lec t r i c  Mass F i l t e r  as  a Mass Spectrometer and Isotope Separator" 

by W. Fad ,  e t  al . ,  Zei tschrif t  ftir Physik, Ed. 152, S. 143-182 (1958) 

an excellent reference tha t  includes both a theore t ica l  analysis and ex- 

pt-i-irnental evaluation of a high resolution quadrupole mass spectrometer. 

-4- E3g!.iski trp,ns>ktior! AFC-TR-54-84, O p t .  23, 1958, by Dr. John F. Burns 

18 a;%? av;ilsb:e. 

I n  the t e s t s  thus far a t  Levis, problems have been encountered i n  

power supply regulation and e l ec t r i ca l  shielding. The col lector  i s  

extremely sensit ive to e f fec t s  of the high frequency f ie ld .  Thus, while 

it i s  a very sophistlcated instrument, i t s  u t i l i t y  to col lo ida l  th rus tor  

research make:: it, wortyhy of considerable developmental e f for t .  

Neutral Atom Neasurement 

Z;I %he cesium contact-ionization thruster ,  which eEployes a porous 

t r i rpt+e- '?> i m i z e r ,  measuremenrv of Eeztrel  pr0peihrr-t f low r a t e  i s  of ten 

aecocplished indirectly.  

cal ibrat ing the flow through the  ionizer, as3  suit,&le c a r r e c t h i s  f o r  

s+a;"lic weight are applied t o  obtain a f l o w  r a t e  for cesium (see ref .  62) .  

The electron-box%ar&mnt and heavy-mgleclLie t i i r u ~ t o r s  ercploy o r i f i c e s  

?c. cor-trol Slow, ar,d f lov  r a t e s  are determined by d i r ec t  cal ibrat ion of 

Room temperature nitrogen gas i s  used f o r  
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the  o r i f i ce .  

f u l l y  developed and flow rates are  calculable. Thus, propellant- 

u t i l i z a t i o n  e f f ic ienc ies  can be determined for all of these thrustors. 

However, none of these measuring o r  c d c u l a t i o n  techniques cast any 

l i g h t  on the  fate of the  propellant atoms or p a r t i c l e s  t h a t  f a i l  t o  

beco-e ionized. A knowledge of the  e f f lux  d is t r ibu t ions  of these 

i rnewLra l~H would be of grea t  value t o  a i d  i n  improving thrus tor  design 

mc? perfomancz, Wmt i s  required t o  obtain this information i s  a 

probe-type ics t rmer; t  capable of probing the  thrus tor  exhaust beam 

a24 ident i fying the  "ne-atrals. " 

i m  ir, I c s t rmerka t joc  m t  only becadse of the coxplex l o c a l  emriron- 

nen t  (icns,  e l ec t rms ,  neut ra l s )  but  a lso because of t h e  propert ies  of 

t he  various prapellants. 

I n  the col loidal-par t ic le  thrustor ,  f l o w  i n  the  nozzle is 

This is an exceedingly d i f f icu l t  prob- 

Alkali m e t e 1  propellants such as cesium are  amenable t o  probes 

A probe of t h i s  type t ta t  em?loy pr icc ip les  of contact ionization. 

l ip ,"  been &ve!.oped a t  Le#is and has bsen used f o r  the study of neut ra l  

~ f s i ! m ~  e f ' f l u  pn_tterns from l /%in. - d i a m t e r  cy l indr ica l  tubes (ref. 7 8 ) .  

X P i i t m 1  cesium a t o m  pass through a slmll opening i n  the  outer  cylindri-  

c c i  s'--.ell or' the probe. 

I . G C ~ ~ G L I  on t b  probe axis,  

t c  5% outer  she11 ard cesi7m = t o m s  created on the ribbon a re  col lected 

on the shell. Minimum currents of ~ k o u %  m p  are t3etrc-lable d.kb 

+h5 E instrument. 

'The atoms contact a heated twAgsten ribbon 

The ribbon i s  biase5 posi t ive w i t h  respect 

A hot cathode ionization gage (Bry&:d-ALpert t y p e )  . m ~ ~ t e d  just 

-:stream of the accelerator  of an electron-bonbardment th rus to r  has 
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been used t o  obtain rough estimates of neu t r a l  mercury e f f l u x  (ref, 70). 

Uncertainties i n  gage ca l ibra t ion  f o r  mercury vapor along with side ef- 

f e c t s  due t o  the ion beam indicate  t h a t  a great  dea l  of development 

would be required f o r  wide use of this method of detection. I n  general, 

the  s t a t e  of the  art i n  the development of instruments for detection of 

nonalkali  neu t r a l  propellant eff lux pa t te rns  i s  very lacking. 

Other Instrumentation 

Gf the  remaining instruments l i s ted ,  many are  spec ia l  purpose i n  

“ t h a t  t h e y  were developed and used for  research i n  pa r t i cu la r  probl-ms 

mld, iz general, a re  not used i n  th rus tor  performance investigations.  

A7 t b u g b  discussion i s  beyond t.k scope cjf I’ mis paper, it i s  appropriate 

a l s c  t o  point out t h s t  a considerable amomt of valuable instrumentation 

work is  being done by other  organizations. 

probes, calorimeters, t h r u s t  stands, and plasma probes are only a few 

of the Etreas i n  which nuch work has been done. Instruments f o r  beam 

iwut ra i iza t ion  studies, described iin par t  of references 55 and 73, a re  

5xmiples of excel.lent advanced measurexent techniques necessary t o  funda- 

rnzr?i,el invest igat ions of plasma prcpert ies  i n  tkirustors. A s  s t a t ed  a t  

t k e  Iieglaniag of t h i s  section, there  u i f o r t m a t e l y  are  many ins t rmer ; t  

pmbieir 7 s t i l l  r e 4 n i r : g  in el.; c t r o  stat i c -  thrutstor research. 

Unique cesium neut ra l  atom 

n ri-w- s A, LLILTIES 

High-vacuum f a c i l i t i e s  f o r  t e s t i r g  c l e c t x j r t a t i  :r: tlx-ustcrs, ir a 

t5on  to being capable of being evacuated t o  pressures of the  orCier of 

10” t o r r ,  mlast be capabie of m i n t a i n i n g  backgroimd pressures on tl-iis 
- 

Because the thrus tor  exhaust bean imposes a 



severe load on faci l i ty  pumps a t  these pressure levels,  special  design 

fea tures  are necessary tha t  a re  not required i n  ordinary space environ- 

ment f a c i l i t i e s .  

t o  near l i qu fd  nitrogen temperatures are used as a means of maintaining 

the desired levels of pressure. 

static th rus to r s  are condensable a t  l i qu id  nitrogen temperatures, that 

is, t l i e i r  e q u i l i b r i m  vapor pressures are  orders of magnitude below 

Condensers t h a t  provide la rge  areas of surfaces cooled 

Most of t he  propel lants  used i n  electro- 

iu 7 r - 7  t o r r .  A theory of high v&cum condenser design i s  given i n  refer- 

ezce 2 and r e s u l t s  of an experimental emJ-uation are  reported i n  refer-  

eLlces 33 and 49. 

There are several  m3cr high-nciim f a c i l i t i e s  a t  the Lewis Research 

C a t e r  used f o r  the purpose of e lec t ros t a t i c  and plasma th rus to r  research. 

The main chambers of these f a c i l i t i e s  are cy l indr ica l  and range i n  s i ze  

from about 3.5 ft i n  diameter by 7 f t  long t o  25 f t  i n  diameter by 70 f t  

long. They have been described i n  d e t a i l  i n  references 4, 14, and 25. 

Tcey are  similar i n  design and &re evscuated by f r o m  one t o  twenty 32- 

in. cold-trapped o i l -d i f fmion  pumps supported by sui table  backup pumps. 

ALL chambers are provicied with liquid-nitrogen-cooled coozensers. 

iekiesc snd Largest f a c i l i t y  is shown schemmically i n  f igure  27 (from 

re:. 25). 

l o ~ g  acd can be sealed of f  from t he  m i n  c h a b e r  by a 10 f t  iiiameter iso- 

l a t i o n  valve. This allows thruszor zoS.fizstZsrs +,a be Ferfarrrc-d -&ile 

“,he ,m&ir! chmber r e m i n s  evacuated. The condenser i n  the  main chazber i s  

:Doled by a forced-feed liquid-n?trogzn systen. TJ5 quid nitrogen i s  c i r -  

:lLLtttci tnrough s ta ic lees-s tee l  tubes located along the  periphery of t he  

The 

 he t’nrustor cornpartxent l a  z5out 10 ft i n  diameter by 10 f t  
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main chamber. Copper honeycomb un i t s  about 3 in. by 3 in. by 6 in. deep 

are  securely fastened t o  the  tubing and serve both t o  pro tec t  t h e  tubing 

from d i rec t  impingement of high-energy th rus to r  exhaust beams and t o  

provide the  necessary surface area for  condensation of the  beam, 

cone-shaped water-cooled t a r g e t  at the far end of the chamber is  designed 

t o  remove energy f r o m  the beam and t o  d i r ec t  re f lec ted  p a r t i c l e s  toward 

m e  outer w a l l s .  Two photographic v iews  of the f a c i l i t y  a re  shown i n  

f igures  213 and 23. 

year, &:'d diurisg I t s  i n i t i a l  check-out t e s t s  maintained pressures of 

The 

The f a c i l i t y  was placed i n  operation ea r ly  t h i s  

-,';.oiz? 2-3' ' t o r r .  I n  subsequent runs using the liquid-nitrogen-cooled 

e>rSens?r, ne-load pressures of lose t o  t o r r  were recorded. Re- 

szarch experiments nat ye t  reported on b e m  diagnostics and on the 

tes+ , i rg  of moddar arrays of three electron-bombardment th rus to r s  have 

been conducted i n  the f a c i l i t y .  Although t h i s  f a c i l i t y  i s  comparatively 

large, much l a rge r  f a c i l i t i e s  may be needed for long duration t e s t i n g  

of fu l l - sca le  e l e c t r i c  propulsion sys-t;~xs. 

C O E C L L ~ I X G  m4ARKs 

To epprise the reader of the present s t a tus  of the e l ec t ros t a t i c -  

propclzbn  research e f f o r t  a t  the Lewis iiesearch Center, a very general 

and b m d  approach w a s  adogted her~ln. 

an8 yelate6 p o g r a i s  ham been mentioned t5 the  extent t h a t  it was neces- 

sary t o  p o h t  out major overa l l  goals m d  pi.Qbie:n areas. Fielatccl s Y e 9 s  

Zot cs-;erea include power- conditioning equipment and controls  problexs. 

Several aspects of the program 

Fro3 exarr,ination of basic  equaticr,; of m i s s l m  a r a lys i s  it v a s  

s33-m tnat e l e c t r i c  prcpulsion i s  a t t r ac t ive  as a means of space f l igh% 
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because of reduced propellant mass requirements as compared with o ther  

systems. To make the comparison complete, however, the  mass of the  power- 

plant  required f o r  the  e l e c t r i c  rocket must a lso  be taken i n t o  account, 

It w a s  pointed out that present power-generation equipment i s  far  too  

heavy for e l e c t r i c  propulsion and a need e x i s t s  for t he  development of 

lightweight equipment with high power capabi l i t i es .  

I n  t rac ing  the evolution of the e lec t ros ta t ic - thrus tor  research 

progrm it w a s  noted t h a t  ex is t ing  cesium contact-ionization and mercury 

electron-bombardment thrus tors  both have power l o s s  f ac to r s  t h a t  make 

tnem i n e f f i c i e c t  at  spec i f ic  impulses below about 5000 sec. It was 

show. tbst t ,beoretically,  the heavy-Eolecule and co l lc ida l -par t ic le  

th rxs tor  m y  have better ef f ic ienc ies  i n  the  2000- t G  5000-see range of 

spec i f ic  impulse. Further, although the l a rge r  molecular weights of 

the  charged p a r t i c l e s  i n  these thrustors  impose a requirement of grea te r  

accelerat ing voltages t o  preserve specif ic  impulse, t h rus t  could be 

preserved with l a rge r  electrode spacings. Thus, t h rus to r  design and 

rabricat ion m y  be Eade sonewhat easier, and ion opt ics  i n  the th rus to r  

:my a l so  be irrproved. 

A review of instrumentation tha t  has been developed f o r  experimental 

tLrus.t,or re  search showed t h a t  liizriy i-nsC,ruments have been &eveloped t h a t  

are su i tab le  f o r  wera l l  performance evtiluetlon. Instrmentar i  on for 

isoiating and ident i fying thrus tor  1osie.c 5:. 5.:frig d ~ _ v ~ l c ~ p e d ,  ~ C V ~ V Z Y ,  

n iny  types a re  s t i l l  needed. No adequate instrumentation e x i s t s  f o r  

nioni t o r ing  neut ra l  propellant loss?s Yrcx t1:riistors eaploying Eonalkali 

grope Xant s. 
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Existing electrostat ic- thrustor  research f a c i l i t i e s  a re  adequate 

for present needs, but much l a rge r  f a c i l i t i e s  may be required i n  the 

future  f o r  ful i -scale  system t e s t s .  
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Fig. 1. - Variation of mass with specific impulse. 
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Fig. 5. - Accelerator length. 
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Fig. 3. - Electrostatic acceleration of ions or charged particles. 



rl 
0 
0 
rc) 
Eu 

I 

Ira 
z w m  w x w  

ui 
V 

t 
I- 

1 1 1 1  I 

+ + + + +  z 
1 1 1  I I 

+ + + + +  

W 



E 
0 + 

\ 

'0 

P 
/ 

/ 
/ 

/ 

* 
M 
Fc in 
N 
I 

Q) Ul cu . e 



71 
r- 
i5 I 



W 

0 00 (D d- N 

0 
0 
0 
M 
N 
I m 
V 

O E  
o m  
9 -  
% H  

0 w- o m  9 1  
0 3  
-11 
o r  
0 
0 0  
m i i  
0 0  
o w  
O L  a m  
0 
0 
0 
d- 
0 
0 
0 
N 

0 





I 

w 

Z 
0 

m 

- 



N 
rl 
N 
N 
I w 

W 
A 
0 

Qs 

L 

L3 
w 
(3 
Qs 

I 
0 

Fr 
a 

a 

3 

0 
€ 

m- 
a m 
z 

0 0 0 0 0  0 
0 0 0 0 0  0 
O O O @ *  cu * c u  - 

0 00 (D d: cu 

'A3N31313d3 MMOd lV30 

00 
0, s g  

L m 

0 
0 
0 cu 

0 



I00,000 

1001 I I I I l l l l  I I I I I I l l  I I I I I  

I.000 10,000 100,oO0 I , O o O ~ O  
ATONIC MASS UNIT, amu 128-23793 

Fig. 13. - Specific impulse for a given atomic mass unit. 
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CORONA CHARGING 
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Fig .  15. - Experimental c o l l o i d d - P a r t i c l e  t h r u s t o r  with corona-discharge 
charging. 
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Fig. 19. - %ck-up of m ~ e d  electric sy;acecr&Z 
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Fig. 21. - Hot-wire probe. 
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Fig .  24. - Experimental thrust-monitoring setup for colloidal particle thrustor. 
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Fig. 26. Quadruple mass spectrometer. 
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